AHLs IMPACT ON PLANT PHYSIOLOGY AND DEVELOPMENT
===============================================

Cell-to-cell signaling is a widespread practice in living organisms. Bacteria use a pheromone-like system called quorum sensing (QS). QS was first described in *Vibrio fischeri*, a bacterium that lives in symbiosis with a squid and produces bioluminescent light at high cell densities ([@B56]; [@B23]; [@B42]). *V. fischeri* produces *N*-acyl homoserine lactones (AHLs) that are freely diffusible across the bacterial membranes and accumulate in their surroundings ([@B23]). When a threshold concentration of AHLs is achieved, the bacterial population is able to sense (*sensing*) the critical cell density, the so-called *quorum* ([@B56]). Besides a regulation of the AHL-regulon, a very important feature of QS is the *autoinduction* of AHL-synthase expression. This communication system enables individual bacterial cells to monitor the population density and coordinate a conjoint action(s) ([@B61]; [@B2]; [@B54]; [@B36]). In many situations, the ability of bacterial population to behave co-operatively and to communicate with each other brings clear advantages; for example, bacteria benefit from QS for conjugation, symbiotic, or pathogenic interactions with the host, for adaptation and distribution within an ecological niche (efficiency sensing; [@B19]), or for the production and secretion of secondary metabolites like antibiotics or siderophores ([@B63]; [@B18]). In Gram-negative bacteria, QS system is often based on AHLs, it is until now the best characterized bacterial communication system ([@B14]). AHL molecules can vary in the length of the acyl chain (4-18-carbons) and in the substitutions at the carbon chain. In addition to AHLs, 2-alkyl-4-quinolones, long-chain fatty acids, fatty acid methyl esters, and furanones (autoinducer-2) can be used for bacterial communication ([@B63]).

Reports from independent laboratories claimed that the short chain AHLs induce a growth promotion effect due to an impact on the phytohormone auxin ([@B60]; [@B3]; [@B26]). The first study of AHL impact on plant hormone metabolism was performed with *Medicago truncatula* during the response to AHLs originated from the symbiotic bacterium *Ensifer meliloti* (*Sinorhizobium meliloti)*. In this study, authors revealed 150 differentially regulated proteins, within those were several auxin-induced proteins and enzymes that are involved in auxin metabolism. Furthermore, the activation of the β-*Glucuronidase* (GUS) reporter gene under the control of the auxin-responsive *GH3* promoter, indicated the involvement of auxin in the response to AHL ([@B29]). The possible role of auxin in response to AHL treatment was also suggested by transcriptional analyses. Auxin-associated genes were induced after a treatment with the short chain *N*-hexanoyl-homoserine lactone (C6-HSL) as well as after a pretreatment with the long chain *N*-3-oxo-tetradecanoyl-[L]{.smallcaps}-homoserine lactone (oxo-C14-HSL) and a subsequent challenge with the pathogen elicitor flg22 ([@B60]; [@B44]). In addition, genes involved in cytokinin metabolism, which have an antagonistic function to auxin, were down regulated ([@B60]). The same report described an alteration of the free auxin to cytokinin ratio in root and shoot tissues after AHL application, explaining as a consequence the promotion of plant growth ([@B60]). Another study showed the involvement of auxin in the AHL-induced growth as a result of the production of hydrogen peroxide and nitric oxide, which are dependent on the cyclic GMP signaling. In the postulated model, the QS molecule *N*-3-oxo-dodecanoyl-[L]{.smallcaps}-homoserine lactone (oxo-C10-HSL), induced an enhanced basipetal auxin transport followed by accumulation of H~2~O~2~ and NO, and stimulated therefore the formation of adventitious roots ([@B3]). Nevertheless, some publications disagree with the involvement of auxin in the AHL-growth promoting effect on plants. Despite the strong impact of oxo-C10-HSL on primary root growth and in contrast to other findings, lateral root formation, and root hair development was independent of auxin signaling as indicated by the expression analysis of the *GUS*-reporter genes under the control of the auxin-regulated *DR5* promoter ([@B37]). Moreover, a recent report suggested that the growth promoting effect of AHLs depends on the AHL-derivative [L]{.smallcaps}-homoserine, which is produced upon amidolysis of AHLs by the fatty acid amide hydrolase ([@B38]). The authors postulated that the increased transpiration induced by [L]{.smallcaps}-homoserine, would enhance the water and minerals flow through plant organism and therefore positively influence the growth.

Beside the enhancement of growth, long chain AHLs have impact on plant defense mechanisms ([@B46]; [@B45], [@B44]). In contrast to animals, plants do not have specialized cells for immune responses; for this reason, the attacked plant cell needs to reprogram its regular cellular functions for a defense response. Plants developed specialized local defense mechanisms and specific systemic responses, which are coordinated by systemic signals ([@B50]). In this coordination, the cross talk between hormones plays a crucial role ([@B24]). The defense response against necrotrophic pathogens is usually dependent on the plant hormones jasmonic acid (JA) and ethylene (ET), while the defense reactions to biotrophic pathogens are dominantly regulated by salicylic acid (SA; [@B15]). The antagonistic interaction between the SA and JA is well characterized ([@B41]; [@B6]), although some reports claim a synergistic interaction between these two phytohormones ([@B59]). An involvement of defense hormones in the AHL-induced resistance was postulated after the observation that an inoculation with the AHL-producing rhizobacterium *Serratia liquefaciens* strain MG1 enhanced systemic defense and the accumulation of SA in tomato plants ([@B17]; [@B47]). Similar results were observed after a treatment of tomato plants with pure C6- and C4-HSL; the SA- and ET-dependent *Pathogenesis Related1a* (*PR1a*) and two *chitinase* genes were highly expressed after the treatment ([@B47]). The enhanced expression of those genes in tomato leaves after application of C6-HSL or C4-HSL to the roots suggested that the systemic response functions via an SA-dependent pathway ([@B47]). Likewise, an application of the long chain AHL (oxo-C14-HSL) on *Arabidopsis* roots induced a systemic response in plant shoots ([@B46]). The AHL-induced pathway could therefore depend on SA together with the oxylipin 12-oxo-phytodienoic acid (*cis*-OPDA), as indicated by the accumulation of those two hormones, as well as mutant studies and transcriptional analyses ([@B44]), see also chapter on AHL-priming below.

THE SYNERGISTIC ROLE OF SA AND OXYLIPINS IN PLANT DEFENSE
=========================================================

Phyto-oxylipins are a diverse group of lipid-derived compounds including JA and jasmonate-related metabolites like *cis*-OPDA, methyl jasmonate, and the active form of JA, jasmonyl-*l*-isoleucine (JA-Ile). These compounds are unsaturated fatty acids produced by lipoxygenases (LOX) that oxidize the lipid chain at the C9 or C13 position ([@B1]). Additionally, oxylipins can be synthesized non-enzymatically via the free radical-catalyzed pathway, which generates similar structures denominated phytoprostanes ([@B43]). While a lot is known about the biological function of JA, methyl jasmonate, and JA-Ile, including their perception and signal transduction (reviewed in [@B11]), the biological role of oxylipins before their conversion to JA is less understood. Nevertheless, several studies assumed that the precursors of JA play a role in different developing processes and during defense responses ([@B9]; [@B13]). For example, 18-cabon divinyl ether fatty acid, colneleic, and colnelenic acids accumulated in potato and tobacco leaves during the late blight disease ([@B62]). In addition, phytoprostanes accumulated as a consequence of pathogen-induced oxidative stress (ROS-production), induced the activation of Mitogen-Activated Protein Kinases (MAPKs) and glutathione-*S*-transferase (GST), expression of defense genes, and the accumulation of phytoalexin ([@B55]). Furthermore, the enzymatically oxidized *cis*-OPDA induced expression of genes related to detoxification, stress responses, and secondary metabolism ([@B53]; [@B33]). Interestingly, the oxylipins-related pathways induced reactions distinct from the JA-induced responses. While the expression of JA-related genes is COI1-dependent, *cis*-OPDA and phytoprostanes (PPA~1~ and PPB~1~) have been demonstrated to activate gene expression in a COI1-independent manner ([@B51]; [@B53]; [@B52]). Transcriptional analysis of *Arabidopsis* showed that more than 150 genes responded to the application of *cis-*OPDA but not to JA or methyl jasmonate ([@B53]). The expression of the majority of these genes was regulated through the bZIP TGACG motif-binding transcription factors TGA2, TGA5, and TGA6 ([@B52]). Curiously, those transcription factors are also required for the activation of SA-dependent genes ([@B67], [@B68]). A recent discovery indicated that the oxylipin pathway induced by biotic stress interacts with the SA-dependent signaling and results in a stomatal defense response ([@B32]). The authors postulated that during stomatal defense the activation of MPK3 and MPK6 induced the guard cell lipoxygenase LOX1 and hence the peroxidation of poly unsaturated fatty acids into oxylipins followed by the accumulation of SA. Downstream of this SA accumulation was the regulation of the anion channel SLAC-1, which coordinates the stomatal defense response.

THE PRIMING EFFECT, SENSITIZING FOR FUTURE DEFENSE RESPONSES
============================================================

One of the consequences of an activated defense mechanism is a high consumption of energy. Therefore, the immune system of higher organisms needs to be coordinated in an efficient manner. In order to lower the cost of defense, plants developed different mechanisms to orchestrate their immune system, among them are negative regulators that suppress the defense response in the absence of a pathogen, or the induction of specific pathways, accordingly to the particular pathogen. Furthermore, plants may use priming as an efficient regulation of defense responses. This mechanism is based on a sensitization of the plant for a stronger and faster response. This phenomenon has been used in agriculture for plant protection since the early 1930s. Priming was usually defined as a part of induced resistance; however, the priming effect is only assessable after a subsequently challenge of the primed tissue ([@B12]). Some priming inducers are well characterized, one of them is the non-proteinogenic amino acid β-aminobutyric acid (BABA) and another is SA at low concentrations. BABA priming functions through a SA- and abscisic acid (ABA)-dependent pathway, and induces enhanced callose depositions and tolerance to salt stress ([@B57]). In addition, BABA-induced resistance interferes with the action of the bacterial toxin coronatine (COR) from the pathogen *Pseudomonas syringae* ([@B58]). Yet another priming inducer is the mobile metabolite azelaic acid, which induces a systemic protection via accumulation of SA ([@B22]).

Besides the accumulation of signaling components, few reports addressed the molecular mechanism of priming and explained the sensitized status of a plant. The first revealed the accumulation of the inactive form of MPK3 that can be rapidly activated upon a subsequent attack ([@B5]). The second was the discovery of chromatin modifications on promoters of defense-related genes. In primed plants, histones in promoter regions of the defense-associated transcription factors *WRKY6, WRKY26*, and *WRKY53* are methylated (H3Kme3 and H3K4me2) and acetylated (H3K9, H4K5, and H4K12), which could explain the faster activation and the subsequent stronger stress response ([@B21]). Interestingly, and very important for future research projects, is the fact that the primed status of a plant can be transmitted to next generations. The SA-induced defense and the resistance to the pathogen *P. syringae* were inherited to the offspring by transferring the histone methylation mechanism of relevant genes ([@B27]). Furthermore, the transgenerational priming was observed in progeny of plants treated with BABA or exposed to insect attack ([@B40]; [@B49]). However, while BABA and *P. syringe* priming are based on SA and SA-depending signaling, the insect-induced transgenerational priming is JA-dependent.

AHL-PRIMING DEPENDS ON AN OXYLIPIN/SA-DEPENDENT PATHWAY
=======================================================

Considering that SA and JA precursors are crucial for long chain AHL-priming, the cross talk between SA and oxylipins seems to be an important feature of the AHL-induced resistance. Evidences that the AHL-induced priming acts via oxylipins/SA-dependent pathway are not restricted to the accumulation of phytohormones after sensitizing the plant with AHLs also genetic evidences support this dependency. Since the *Arabidopsis* mutants *coi1-16* and *jar1* behaved like wild-type plants when tested for AHL-enhanced resistance against *P. syringae*, the effect seems to be independent of the JA perception and the production of JA-Ile ([@B44]). However, AHL-priming required Nonexpressor of PR Genes 1 (NPR1), which is the key regulator in SA-dependent defense, as indicated by the high proliferation of *P. syringae* in AHL-pretreated *npr1-1* mutant plants. The same holds true for the triple mutant *tga2/5/6*, which is impaired in the signal transduction in *cis*-OPDA- and SA-signaling cascade(s). Likewise, the AHL effect was lost in the *lox2* mutant ([@B44]), missing the Lipoxygenase 2, one of the enzymes required for the oxidation of the unsaturated fatty acids, and hence for the oxylipin response in plants ([@B9]; [@B13]). In addition to the genetic studies, evidences that oxo-C14-HSL acts via the oxylipin/SA-induced pathway were observed at transcriptional level. For example, the enhanced expression of *GST6*, *GSTU19*, the stress responding heat shock proteins encoding genes *HSP70* and *HSP17*, and the cytochrome P450 (*CYP81D11*), which was observed after a *cis*-OPDA treatment ([@B33]), was also visible during AHL-priming ([@B44]). Furthermore, the independency of JA and ET during AHL-priming was strengthened by the expression patterns of prominent JA-responsive genes, *MYC2* and *VSP2,* and the ET-responsive genes *PR3, ERF5,* and *ETR1*, which were not influenced by the AHL pretreatment ([@B44]).

STOMATA DEFENSE RESPONSE, ONE OF THE MECHANISMS USED DURING AHL-INDUCED RESISTANCE
==================================================================================

Stomata are openings in the epidermal layer of terrestrial plants. These pores are built up of two guard cells that regulate the opening and closure in order to establish the exchange of gasses between the leaf and the environment. This regulation system allows the control of transpiration. During drought stress, the regulation of anion-channels in guard cells is coordinated by ABA. The perception of ABA activates the guard cell-specific, ABA-related protein kinase OST1, which is followed by production of ROS and activation of Ca^2+^-signaling ([@B34]). Moreover, stomatal closure is tightly controlled by innate immunity as it has a crucial role during prevention of pathogen invasion. This phenomenon is referred to as stomatal defense response and functions as physical barrier against pathogen entry ([@B30]).

A report on the inoculation of *Arabidopsis* plants with *P. syringae* showed that guard cells perceive the pathogen, indicating an active role of guard cells in plant defense ([@B31]). However, the guard cells response to biotic stress seems to differ from the response to abiotic stress in respect to the function of the plant defense hormones SA and ABA, as well as the MAP kinases and NPR1 ([@B31]; [@B66]). Even though, ABA and SA signaling pathways were apparently involved in the stomatal closure induced by the beneficial bacterium *Bacillus subtilis* FB17 ([@B25]), the above discussed report on ABA-independent pathway that controls stomatal closure in case of an immune defense response, proposed a signaling pathway, which is induced upon the perception of flg22 and includes the activation of MPK3 and MPK6 ([@B32]). The authors observed that it requires the guard-cell-specific LOX1, producing the oxylipin *cis*-OPDA. A high accumulation of *cis*-OPDA after the flg22-elicitation in guard cells was followed by an accumulation of SA ([@B32]).

Interestingly, the AHL-induced resistance also depends on SA and *cis*-OPDA and activates the stomatal defense response (**Figure [1](#F1){ref-type="fig"}**). We observed an increase of closed and reduction of open stomata in oxo-C14-HSL-pretreated *Arabidopsis* plants ([@B44]). Furthermore, the expression profile of ABA-dependent genes *RD22*, *RD29,* and *RAB18* revealed no regulation in oxo-C14-HSL-primed plants, which strengthens the postulated hypothesis on ABA-independency in stomatal defense response ([@B32]; [@B44]).

![**Function of SA and oxylipins in AHL-induced priming.** Signaling steps of AHL-induced mechanisms leading to the reinforcement of resistance against several pathogens. The perception mechanism(s) of AHL in plant tissues is not known, indicated by "?". Nonetheless, in local tissues of *Arabidopsis* plants, the oxo-C14-HSL-priming is manifested through the prolonged and stronger activation of MAPKs and the enhanced expression of *WRKY* transcription factors, followed by transcriptional reprogramming of genes related to Ca^2+^-signaling, defense, G-proteins, cell wall, and flavonoid metabolism. Furthermore, AHLs induced a higher accumulation of ROS, phenolic compounds, and callose in the cell walls. Even though long chain AHLs are not translocated to distal tissues, elevated production of the phytohormones oxylipin (*cis-*OPDA) and SA was observed in distal tissues, indicating that a systemic signaling is involved in this phenomenon. The proteins NPR1 and LOX2, as well as the TGA2/5/6 transcription factors were required. Like in the local tissue, the long chain AHL oxo-C14-HSL induced callose depositions, accumulation of phenolic compounds, and enhanced stomatal closure.](fpls-05-00784-g001){#F1}

An important feature of phytopathogenic bacteria is the ability to reopen closed stomata, thus counteract the stomatal defense response. This is usually achieved by the bacterial toxin coronatine (COR) ([@B31]; [@B66]; [@B39]), which mimics the plant hormone JA-Ile. This virulence factor binds to the JA-receptor complex and activates the antagonistic crosstalk between SA and JA, inhibiting the flg22-triggered immune responses such as ROS production and callose depositions ([@B64]). In addition, COR suppresses the biosynthesis and accumulation of SA, hence inhibits the local and systemic defense responses ([@B69]). Interestingly, the priming agent BABA interferes with the COR impact on stomatal defense responses. BABA-induced resistance activates the SA-dependent responses, while COR was able to suppress this defense reactions as shown by the abolished BABA effect by relatively high concentration of COR, or the failure to prime the *coi1-16* mutant ([@B58]). Similarly, in the case of AHL-induced resistance the stomatal defense response seems to depend on SA and could disrupt the function of COR. However, the AHL-priming is still present in the *coi1-16* mutant, which indicates differences between the BABA- and AHL-priming ([@B44]).

AGRICULTURAL POTENTIAL OF AHL-PRIMING
=====================================

Since the beginning of the twenty-first century, the bivalence between avoidance of synthetic pesticides and the performance of crop protection methods is a big challenge in agriculture. To ensure a sufficient food supply, agriculture industry has to develop modern plant protection strategies, which ensure sufficient yield and food quality. Moreover, due to market demands, farmers are under increasing pressure to produce their crops organically, or at least to reduce the chemical impact on the environment. In addition, plant production has to deal with ecological challenges like abiotic or biotic stresses and handle the arable land in the most sustainable manner. Development of new substances, which are useful in both integrated agricultural management and organic farming, is a big challenge. The development of *biologicals* or *biocontrol agents,* which originate from natural products, could be a possible strategy to meet those requirements. For instance the use of *microbial inoculants* of beneficial, soil-born microorganisms could be a competent approach to support agriculture ([@B8]). Using the knowledge of microbe--plant interactions, rhizosphere, or root-associated bacteria including *Bacillus*, *Pseudomonas*, and *Serratia* spp. could contribute to the production of new natural products for plant protection ([@B8]; [@B7]; [@B35]). Likewise, microbial metabolites with an impact on plant growth or health have a high potential in this regard ([@B10]). The bacterial QS molecules are remarkable candidates in such strategies ([@B18]). Purified QS molecules and bacteria with increased production of AHLs, have an impact on plant defense mechanisms and portrait the agricultural potential of homoserine lactones ([@B65]; [@B20]). Furthermore, the use of N~2~-fixating *Rhizobia,* with their positive effects on plant physiology, could be improved by QS molecules. Nodulation efficiency, symbiosome development, exopolysaccharides production, nitrogen fixation, and adaptation to stress are all regulated by QS systems ([@B16]; [@B28]). The promotion of AHL production in *Rhizobia* or *bacterial inoculants* could enhance the beneficial effects (nitrogen fixation, growth promotion, reinforced plant defense) hence, lead to a reduced use of fertilizers or conventional plant protection agents in agriculture, and in this way lower the negative impact of chemicals on the environment. Another strategy was proposed by two independent laboratories, which have bioengineered tobacco and tomato plants with different bacterial AHL-synthesis genes. These transgenic plants foster beneficial plant--bacteria interactions, and alter growth and tolerance to abiotic stress ([@B48]; [@B4]). However, risks and advantages of AHL-producing plants need to be assessed and require further elucidation.
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